Accurate detection and classification of purely intracortical lesions in multiple sclerosis (MS) are important in understanding their role in disease progression and impact on the clinical manifestations of the disease. However, detection of these lesions with conventional MR imaging remains a challenge. Although double inversion recovery (DIR) has been shown to improve the sensitivity of the detection of cortical lesions, this sequence has low signal-to-noise ratio (SNR), poor delineation of lesion borders, and is prone to image artifacts. We demonstrate that intracortical lesions can be identified and classified with greater confidence by the combination of DIR with phase-sensitive inversion recovery (PSIR) images.
O
ur understanding of the archetypical white matter (WM) demyelinating lesions in multiple sclerosis (MS) has greatly improved since the introduction of MR imaging. Despite certain limitations, MR imaging is widely used to monitor disease activity in clinical trials and has become a key element of clinical diagnosis. Gray matter lesions, though acknowledged as part of the disease, are not detected routinely on conventional MR imaging. This is partly because of poor contrast between cortical lesions and the surrounding gray matter. This shortcoming limits attempts to correlate their presence with disabling clinical manifestations of MS, such as cognitive impairment, seizures, affective disorders, and speed of information processing. These difficulties also hinder understanding the impact of cortical pathologic changes on clinical progression of the disease.
Although pathologic studies dating back to 1916 identified cortical involvement in MS, 1 the nature, pathogenesis, prevalence, distribution, and clinical significance of cortical lesions remain poorly understood. Two classic studies observed that some patients have a plethora of cortical lesions, whereas others have none or very few. 2, 3 More recently, the application of sensitive immunohistochemical techniques that identify myelin basic protein (MBP) have been used to confirm a high prevalence of purely intracortical lesions, which account for most of the total cortical demyelination. These studies also suggest that the cortical involvement may be diffuse or highly localized. 4 Other studies show that intracortical lesions exhibit relatively minimal inflammatory reaction. [5] [6] [7] These studies imply differences in the pathophysiologic processes of gray and white matter lesions that need to be clarified to gain a better understanding of this disease.
Many attempts have been made to increase the MR imaging conspicuity of cortical lesions. There is evidence that fluidattenuated inversion recovery (FLAIR) sequence improves detection of lesions within the cortex, and that enhancement with gadolinium may accentuate their visibility. [7] [8] [9] Unfortunately, these sequences do not clearly differentiate between purely intracortical and mixed gray-white matter lesions. In a recent study, 10 even when high-resolution MR imaging of postmortem specimens were examined, considerably fewer cortical lesions were identified than when the tissues were examined histologically.
MR spectroscopy has provided some information regarding abnormalities in metabolite concentrations in normal-appearing gray matter (NAGM), [11] [12] [13] which can be seen even in early relapsing-remitting MS (RRMS).
14 However, there is some controversy on the findings of metabolite abnormalities in cortical gray matter by MR spectroscopy. 15 Some data support the use of magnetization transfer ratio (MTR) and diffusion tensor imaging (DTI) to show damage in NAGM. Unfortunately, although information obtained from these techniques can show diffuse abnormalities in white and gray matter, it cannot provide details on isolated changes in cortical gray matter. [16] [17] [18] In 1998, fast double inversion recovery imaging (DIR) was introduced and applied to MS. 19 This technique simultaneously suppresses white matter and CSF signals, thus significantly increasing lesion conspicuity in both gray and white matter compared with FLAIR or T2-weighted spin-echo (SE). 19 In a recent study, Geurts et al 20 performed 3D DIR on 10 patients with RRMS that demonstrated a gain of 538% and 152% in the detection of intracortical lesions compared with T2-weighted SE and FLAIR, respectively. They concluded that DIR images enabled visualization of intracortical lesions and better definition of the mixed gray-white matter lesions. Despite these advantages, this sequence is prone to image artifacts such as flow, which may affect the visualization of subtle intracortical lesions. In addition, DIR sequences have poor delineation of lesion borders and intrinsically suffer from low signal-to-noise ratio (SNR), which further obscures details of small structures.
Some of the limitations of DIR can be overcome with a T1-weighted inversion recovery sequence and a phase-sensitive reconstruction algorithm. 21 Whereas traditional magnitude reconstruction discards the sign of the magnetization, the phase-sensitive reconstruction algorithm preserves that information, effectively doubling the dynamic range. 21 The phasesensitive inversion recovery (PSIR) sequence has been shown to provide superior gray-white matter contrast. 21 This technique has been widely used in the detection of myocardial infarction 22 and imaging of pulmonary blood flow 23 but is just now being applied to MS. 21 In this study, we demonstrate that interpretation with combined PSIR and DIR images improves confidence in the detection and classification of intracortical lesions by allowing clearer delineation of lesion and tissue boundaries.
Materials and Methods

Subjects
Subjects were drawn from a population of patients with MS diagnosed by McDonald criteria, 24 undergoing routine imaging at our MR imaging research center. The cohort included 4 men and 12 women. There was 1 patient with primary-progressive MS (PPMS), 3 with secondary-progressive MS (SPMS), and 12 with relapsing-remitting MS (RRMS). Their median age was 47 years (range, 24 -68 years), median Expanded Disability Status Scale (EDSS) at time of scanning was 2.0 (range, 0 -6.5), and median duration of disease from the onset of symptoms was 11 years (range, 1.2-45 years). The Institutional Review Board approved this study, and we obtained informed consent from all subjects before imaging. Demographic data on the patients is summarized in Table 1 .
Acquisition of Images
Patients were scanned from September 2004 to January 2006. All studies were performed on a 3T Intera system (Philips Medical Systems, Best, the Netherlands) with a Quasar gradient system and a standard sensitivity encoding-compatible head coil. PSIR and DIR images were obtained during every session for each subject as part of our routine MS protocol, which also included conventional dualecho fast spin-echo (FSE) and FLAIR. We acquired all images using a 256 ϫ 256 matrix over a 24-cm FOV, with full-brain coverage of 44 axial sections of 3-mm thickness. Relevant sequence parameters are listed in Table 2 . Considerable care was taken to optimize the DIR sequence. We initially acquired data with 1.5-mm section thickness to reduce partial volume averaging effects. However, the increased noise outweighed any advantages in small lesion conspicuity (as noted above, DIR sequences are SNR limited to begin with). Therefore, we settled for 3-mm section thicknesses as optimal and matched to the other sequences in the protocol. In addition, flow artifacts from vessels in the skull displayed hyperintense regions, which resulted in false-positive detection of lesions, even on healthy subjects. These artifacts persisted to some extent even with flow compensation. The phase-encode (PE) direction was originally set to the patients' L/R axis, so the artifacts manifested largely within the skull. To address this issue, we swapped the PE direction to the patients' A/P axis, which redistributed most of these artifacts outside the skull. 
Interpretation of Images
Images were reviewed by a team of investigators that included 1 medical physicist with extensive experience in MR imaging, and 2 neurologists with clinical and imaging experience in MS. Identification of the cortical lesions was by consensus, and consisted of 2 phases for each individual lesion: detection and classification.
The criterion for detection was visibility on both DIR and PSIR images, viewed side by side. Lesions were first visually detected on the DIR image on the basis of a signal hyperintensity on the cortical ribbon. Then the lesion was visually correlated with a corresponding hypointensity on the PSIR image at the same section location. Once it was agreed that the lesion in question was real, we proceeded to the classification phase. The FLAIR images were also inspected for comparative purposes.
Using a conservative approach, we categorized the lesions as either 1) purely intracortical, 2) mixed gray-white matter, or 3) juxtacortical. We classified the lesions as purely intracortical if no there was no obvious evidence of white matter involvement. The border of the lesion was clearly confined to within the cortical ribbon, with no disruption of the contiguous gray-white matter boundary. Intracortical lesions with questionable white matter involvement from poor definition of lesion borders were classified as mixed. Lesions were considered to be mixed if the lesion volume was roughly 75% intracortical, with clear evidence of extension into the white matter. However, it should be emphasized that most of the lesion volume remained within the cortical ribbon. Finally, lesions were classified as juxtacortical if the volume was approximately 75% subcortical, with clear evidence of extension into the cortical gray matter. Purely subcortical lesions with no gray matter involvement were not the focus of this study.
Statistical Analysis
We used the Wilcoxon matched-pairs signed-rank test to compare the number of lesions of each type detected by using either of the 2 methods (combined PSIR and DIR vs FLAIR). The analysis was implemented in SAS version 9.1 (SAS, Cary, NC) and a SYSTAT 11 statistics package (SYSTAT Software, Richmond, Calif). We calcu- lated the correlation between the number of (purely) intracortical lesions and duration of disease or EDSS with the Spearman correlation coefficient. All statistical analyses had a two-tailed alpha level of less than 0.05 as defining significance.
Results
Cortical lesions were consistently hyperintense on the DIR images, but the cortical gray-white matter junction was not well defined enough to distinguish between the purely intracortical lesions and those extending into the subcortical WM (Fig 1) . The lesions were hypointense on PSIR, with the clear contrast between the lesions and surrounding gray matter providing a distinct delineation of shape, size, and boundary (Fig 1) . Most importantly, the superior delineation of the gray-white matter border on PSIR allowed a more confident classification of lesions into purely intracortical, mixed, or juxtacortical (Fig 2) . The mean number of intracortical, mixed gray-white, and juxtacortical lesions detected by combined use of PSIR and DIR (PSIRϩDIR) versus FLAIR are summarized in Table 3 . PSIR and DIR showed a 337% improvement in the total number of lesions detected compared with FLAIR alone. The number of intracortical lesions detected was improved by 417% compared with FLAIR. Detection of mixed gray-white matter and juxtacortical lesions improved by 396% and 130%, respectively, compared with detection on FLAIR.
Relatively small differences were observed in the number of lesions detected on PSIR and DIR images. A total of 15 small, hyperintense areas suspicious for lesions on DIR were not seen on PSIR. Of these, 10 were judged to be the result of flowrelated artifacts (Fig 3) , and the rest were thought to be related to radiofrequency inhomogeneity (Fig 4) . Only 2 questionable lesions were seen on PSIR and not on DIR.
The P values for the number of lesions detected on each type of sequence are also listed in Table 3 . No significant correlations were observed between duration of disease or EDSS and the number of purely intracortical lesions.
Discussion
The main purpose of this study was to evaluate if a combination of DIR and PSIR improved detection and classification of cortical lesions in MS compared with DIR alone. Accurate identification and classification of these lesions are important to understand the potential influence of cortical involvement in cognitive impairment and their impact on other aspects of clinical disability.
A secondary aim was to quantitatively assess the advantages, if any, of the combined use of DIR with PSIR over FLAIR. It is important to reemphasize that we did not include lesions that were visible on either DIR or PSIR alone; every lesion identified was clearly visible on both sequences. The combination of DIR and PSIR allowed us to confirm the presence of lesions, reject artifacts, and improve our ability to categorize the lesions. The use of DIR alone would likely result in slightly more lesions detected, but our observations suggest that such an increase would likely be from false-positive results from artifacts.
Our current knowledge about the in vivo behavior of lesions restricted to the cerebral cortex is limited. Newer techniques such as MTR and DTI have been able to show diffuse microscopic damage in gray and white matter, [16] [17] [18] but they do not provide localization of lesions within the gray matter. DIR alone is highly sensitive to lesion foci within the cortex 20 but is inherently SNR limited and does not depict lesion boundaries with enough accuracy to reliably distinguish purely intracortical lesions from those with intrusion into subcortical white matter. Accurate classification of purely intracortical lesions is the first step toward insight into mechanisms underlying their formation. Histopathologic studies have shown minimal inflammatory reaction and a predominance of subpial lesions in both MS 5, 25, 26 and the marmoset experimental autoimmune encephalo myelitis (EAE) model, 27 implying that these mechanisms may differ from lesions in white matter.
The DIR sequence used in the present study was a 2D acquisition, unlike the 3D technique described previously by Geurts et al. 20 The traditional advantages of 3D methods compared with 2D are thin sections for reduced partial volume averaging and improved spatial resolution. However, sectioninterleaved acquisitions in 2D, as implemented in the current studies, can substantially reduce the "dead time" in a TR period, enabling additional signal intensity averaging to make up the SNR deficit. Our sequence used a total of 4 signal intensity averages, which, along with the higher field strength and considerably shorter TE, makes our 2D approach competitive with the 3D sequence described previously. With respect to image resolution, the voxel size of 2.7 mm 3 in our 2D implementation compares favorably with the 2.8 mm 3 voxels of the 3D method used by Geurts et al. 20 Our findings relative to FLAIR suggest that the DIR method itself, regardless of its specific implementation, is the key to increased detection of lesions. The primary limitation of this study was the relatively small number of subjects. An increased cohort size would have permitted prospective studies to explore possible correlations among cortical lesion load, cognitive impairment, EDSS, and duration of disease. Another limitation was that the section thickness of 3 mm used in our acquisitions likely resulted in partial-volume (PV) averaging across the cortical ribbon. This PV effect may either mask the presence of small cortical lesions or lead to a false classification of a given lesion as purely intracortical when, in fact, the lesion may have a subcortical extension. The PV effect is a concern for almost all imaging studies of cortical lesions in the literature and can only be ameliorated by high-resolution imaging methods.
Conclusions
Combined use of DIR and PSIR allows more reliable detection of cortical lesions in MS than DIR alone. The addition of PSIR also provides better delineation of lesion boundaries, which results in a more confident classification of lesions as purely intracortical, mixed, or juxtacortical. Accurate detection and classification of intracortical lesions are the first steps toward insight into their behavior in vivo, influence on progression of disease, and correlation with clinical manifestations of MS.
